This paper reports on the preparation of porous membranes consisting of platelike b 00 -alumina grains and the evaluation for microfiltration properties. Porous b 00 -alumina-based ceramics were prepared by the solid-state reactive sintering of Na 2 CO 3 and a-Al 2 O 3 at 1100-1300°C. To study the effect of impurities in the starting powder mixtures, LiF-doped membranes were also prepared. As for the water filtration test, the turbidity before and after the vacuum filtration was measured using sintered porous membranes. To simulate bacteria-contaminated water, a suspension of a commercial boehmite powder (D 50 = 0.7 lm) in distilled water was used. The non-doped samples sintered at 1200°C were composed of b 00 -alumina (84 wt%) and b-alumina (16 wt%) grains and showed a good microfiltration performance; the turbidities before and after filtration were 894.4 NTU and 1.46 NTU, respectively.
Introduction b
00 -alumina (ca. Na 2 OÁ5.33Al 2 O 3 -Na 2 OÁ6.5Al 2 O 3 , ideally Na 2 OÁ5.33Al 2 O 3 ) and b-alumina (ca. Na 2-OÁ8.1Al 2 O 3 -Na 2 OÁ9.5Al 2 O 3 , ideally Na 2 OÁ11Al 2 O 3 ) have high Na-ion conductivity [1, 2] , and they have mainly been studied as ion conductors mainly in sodium ion batteries [3] [4] [5] [6] . They are also studied for conducting films [7] , gas sensors [8, 9] , high-k gate layer for transparent electronics [10, 11] and thermoelectric conversion material [12, 13] . The space groups of b 00 -and b-alumina are R 3m (166) and P6 3 / mmc (194) , respectively [14] [15] [16] , and thus, they idiomorphically grow into hexagonally shaped platelike grains [17, 18] . It is expected that these plate-like grain morphologies can be used for other applications, such as solid lubricant and catalyst support.
To date, commercial porous microfiltration membranes for bacteria removal are mainly made of polymers [19] [20] [21] and ceramics [22] [23] [24] . Ceramics membranes are heat resistant, chemically resistant, reusable and protective for biological deterioration, and thus, they generally have long durability [25, 26] . A 3D network structure, formed by constituent ceramic grains, enables high-quality filtration. However, this complex structure generally causes membrane clogging and decreases filtration rate in practical use. Some studies related to membrane recovery were reported [25, 27] . We have recently reported ceramics membrane for water purification filters consisting of pseudobrookite-type Al 2 TiO 5 [28] and MgTi 2 O 5 [29] , which are well known for low thermal expansion and high thermal shock-resistant ceramics. Although anisotropic rod-like grains effectively worked during filtration, the filtration rate was not sufficient for practical uses, i.e., * 6 mL/min using an MgTi 2 O 5 disk filter with the 22 mm in diameter for the suspension with 0.7-lm filtrate particles [29] . It is note worthy that water purification filters consisting of MgAl 2 O 4 spinel equiaxed grains were suitable for more precise filtration, but the filtration rate became much slower (* 0.20 mL/min in the similar experimental conditions of Ref. [29] ) [30] .
Hence, we now focus anisotropic plate-like grains for water filtration. This paper reports the preparation of porous membrane of plate-like b 00 -alumina grains and the evaluation for microfiltration properties with a dead-end setup. Porous ceramics were prepared by solid-state reactive sintering of Na 2 CO 3 and a-Al 2 O 3 . During the reactive sintering, Na 2 CO 3 also acted as a pore former similarly to the previous study [31] . Sintering conditions for well-faceted hexagonal grains of b 00 -alumina were examined. In addition, LiF-doping effect to control the phase and microstructure was examined. Fine ceramic particle removal, simulating the bacteria removal in water, was tested with the prepared membranes via the turbidity measurement.
Experimental Sample preparation
Commercial anhydrous Na 2 CO 3 (99.8% purity, Wako Pure Chemicals Industries Ltd., Osaka, Japan) and aAl 2 O 3 (99.99% purity, Taimei Chemicals Co. Ltd., Saitama, Japan) powders were used as starting materials. Na 2 CO 3 and Al 2 O 3 powders were mixed at 1:5 mol ratio to synthesize b 00 -alumina and then wetball-milled in ethanol with ZrO 2 ball media for 24 h. Note that the mixing ratio of Na/Al = 1:5 used in this study was somewhat Na rich than the reported composition of b 00 -alumina (1:5.33-1:6.5) [1] , by taking into account of the vaporization loss of Na 2 O during the reactive sintering.
The mixed slurry was dried by evaporator and additionally dried in an oven at 80°C overnight. The mixed powder was then sieved through a 150-mesh (\ 100 lm) screen. To evaluate an impurity effect (or mineralizer effect via liquid-phase formation), LiFdoped mixed powder was also prepared in the same manner; LiF powder (99.9% purity, Wako Pure Chemical Industries Ltd.), 0.5 wt% of the total of anhydrous Na 2 CO 3 and a-Al 2 O 3 (1:5 mol ratio), was added to a starting mixture prior to the ball milling. Hereafter, these two mixed powders were referred as ''non-doped'' and ''LiF-doped.'' For the preliminary phase identification/microstructure evaluation purposes, smaller pellet samples were prepared. The two mixed powders (non-doped and LiF-doped, 1.0 g each) were uniaxially pressed to disk-shaped green bodies (15 mmU) at 36 MPa for 1 min. These green bodies were sintered at 1100-1300°C for 2 h with a heating rate of 300°C/ h in air. For the water filtration test purposes, larger pellet samples with higher porosity were prepared. The two mixed powders were uniaxially pressed to disk-shaped green bodies (30 mmU) at 3 MPa for 1 min and then sintered at 1200°C for 2 h with heating rate of 300°C/h in air.
Characterization
Component phases of the pulverized samples after sintering were determined by X-ray diffraction (XRD, Cu-Ka, 40 kV, 40 mA, Multiflex, Rigaku, Japan). Fracture surfaces of the samples were observed by SEM (JSM-5600/SV, JEOL). Density and porosity were calculated from sample dimension and mass. The pore-size distribution was determined by mercury intrusion porosimetry (PoreMaster 60-GT, Quantachrome). Washburn equation was used to calculate the pore size, where mercury surface tension is 480 dyne/cm and mercury contact angle is 140° [30] .
For the water filtration test, sintered porous membranes (* 30 mmU) were set in a close contact fixation with rubber packing. The effective filtration area was 22 mm in diameter. Figure 1 shows the filtration test setup (dead-end type). Since the size of Escherichia coli is * 0.5 lm in diameter and 1-3 lm in length, a suspension of a commercial boehmite powder (D 50 = 0.7 lm, C 06 . Taimei Chemicals Co. Ltd) in distilled water was used to simulate bacteria- contaminated water [29, 30] . The turbidity of the initial suspension was 894.4 NTU.
Results and discussion
Phase identification Figure 2 shows XRD patterns of reactively sintered samples, and Table 1 summarizes the phase compositions calculated from the following equations reported by Shen et al. [32] :
For the non-doped samples (Fig. 2a) , at 1100°C, aAl 2 O 3 (unreacted starting phase) and NaAlO 2 (partially reacted intermediate phase) were identified. At 1200 and 1300°C, b 00 -alumina (major)/b-alumina (minor) composites were synthesized.
On the other hand, for the LiF-doped samples (Fig. 2b) , at 1100 and 1200°C, major b-alumina and minor NaAlO 2 phases were identified. At 1300°C, balumina, b 00 -alumina and NaAlO 2 phases were identified. These results suggested that LiF doping stabilized the intermediate b-alumina phase.
Microstructure and pore structure Figure 3 shows microstructures of the fracture surfaces for non-doped and LiF-doped sintered samples. As for the non-doped samples, at 1100°C (Fig. 3a) , fine and isotropic grains were mainly observed, The samples in bold text were further evaluated by the mercury porosimetry and the filtration test which are attributed to unreacted a-Al 2 O 3 . Some rodlike grains were also observed, and they might be attributable to NaAlO 2 hydrate (i.e., NaAlO 2 reacted with atmospheric H 2 O) [33] . At 1200°C (Fig. 3b) , anisotropic plate-like b 00 -and b-alumina grains formed a card-house 3D network structure. At 1300°C (Fig. 3c) , sintering of plate-like grains was observed.
As for the LiF-doped samples, at 1100°C (Fig. 3d) , anisotropic plate-like b-alumina grains start to form (with vestigial particle-like morphology). At 1200°C (Fig. 3e) , well-developed b-alumina grains of 20-30 lm formed a card-house 3D network structure. At 1300°C (Fig. 3f) , sintering of plate-like grains also proceeded. For both the non-doped and the LiFdoped systems, card-house structures were formed at 1200°C, but the size and the constitution phases were quite different to each other. Figure 4 and Table 2 show the results of mercury porosimetry. In good accordance with the SEM observation (Fig. 3b, e) , the non-doped and the LiFdoped samples contained smaller and larger pores (median sizes of 0.63 and 5.07 lm), respectively. In addition, the total pore volumes of these samples were 0.198 and 0.477 cm 3 , respectively. As is described in the following section, the porosities of two samples calculated from the dimension mass were almost the same, which suggests the difference of open porosity.
Filtration test
Considering the XRD and SEM results, sintering at 1200°C was adequate for both non-doped and LiFdoped samples. Table 3 summarizes density, porosity and filtration performance of the porous membranes reactively sintered at 1200°C. Note that the porosity values are estimated from the theoretical densities of b 00 -alumina (3.321 g/cm 3 [34] ), b-alumina Figure 4 Pore-size distributions determined by mercury porosimetry: a cumulative pore volume and b differential pore volume, dV/d(log D). phases. Although the two membranes with or without LiF doping had similar porosity values (* 60%), the filtration results were quite different to each other (Fig. 5 ). As shown in Fig. 3b , e, the LiF-doped sample was composed of much larger platelets and contained large open pores, which resulted in insufficient removal of fine particles similar to the size of bacteria (see Fig. 5 right). Figure 6 shows optical microscopy images of the surface morphology of porous membranes. For the non-doped sample, a large amount of boehmite particles were accumulated on the surface of the sample (Fig. 6b) . A small amount of boehmite particles were also observed on the bottom side (Fig. 6c) . For the LiF-doped sample, boehmite particles were hardly observed on the both sides (Fig. 6e, f) , which implies that the boehmite particles easily penetrated to the open pores. The fracture surfaces (i.e., internal structures) of samples after the filtration are shown in Fig. 7 . In the non-doped sample, a large amount of boehmite particles were captured in the spaces among b 00 -alumina platelets. On the contrary, in the LiF-doped sample, a small amount of particles were trapped in the spaces among b-alumina platelets, particularly at the overlapped intersection of platelets.
Phase evolution with/without LiF doping
In this study, as shown in Fig. 2 and Table 1 , the nondoped samples consisted of b 00 -and b-alumina phases at 1200-1300°C, whereas the LiF-doped samples consisted of b-alumina and NaAlO 2 at 1100-1200°C and b 00 -, b-alumina and NaAlO 2 at 1300°C. The difference of phase evolution can be explained by the microstructure development and phase diagram. As shown in the Na 2 O-Al 2 O 3 calculated phase diagram reported by Besmann and Spear in Fig. 8 [37 Fig. 8 ) was the main product (with some residual balumina with higher thermal stability). For the LiFdoped sample, however, the surface diffusion and vaporization-condensation during sintering were accelerated with the doping of LiF mineralizer (i.e., liquid-phase formation), and hence, intermediate balumina phase was synthesized/stabilized at lower temperatures, which resulted in the remarkable growth of hexagonal plate-like grains. Due to the stabilization of b-alumina phase, the Na-rich intermediate compound (NaAlO 2 ) remained until higher sintering temperatures.
Removal of colloidal particles
From the microstructure observations (Figs. 6, 7 ), a filtration model for a porous card-house structure is constructed as illustrated in Fig. 9 . Firstly, colloidal particles in the suspension enter the open pores formed by plate-like grains (b 00 or b-alumina). Then, the particles approach the plate-like grains and move along the plate-like grain surfaces. The particles are trapped and accumulated in the assembly of the plate-like grains. Thereafter, trapped particles form the cakes, and subsequent particles are continuously removed by them. Considering this model, the assemblies of plate-like grains in the non-doped samples are relatively fine (due to the small plate-like grains), and they effectively capture the colloidal particles. On the other hand, those in the LiF-doped samples are relatively course (due to the large platelike grains), and they leak out some colloidal particles, resulting in a higher turbidity (Fig. 5 and Table 3 ) with a slightly higher filtration rate.
Conclusions
In this research, porous membranes mainly composed of plate-like grains were prepared by reactive sintering for the microfiltration. In conclusions:
(1) For the non-doped samples, b 00 -alumina (major)/b-alumina (minor) composites were synthesized at 1200 and 1300°C. At 1200°C, anisotropic plate-like b 00 -and b-alumina grains (in several micrometers) formed a card-house 3D network structure. Due to its fine cardhouse 3D network structure, colloidal particles (* 0.7 lm) in a suspension were effectively captured. The turbidities before and after filtration were 894.4 NTU and 1.46 NTU, respectively. (2) For the LiF-doped samples, major b-alumina and minor NaAlO 2 phases were confirmed at 1100 and 1200°C. The results suggested that the LiF doping stabilized the intermediate balumina phase. At 1200°C, well-developed balumina grains of 20-30 lm formed a large card-house 3D network structure, which resulted in the insufficient removal of the colloidal particles. The turbidities before and after filtration were 894.4 NTU and 87.38 NTU, respectively.
Throughout this study, controlling a small amount of liquid-forming impurities in the starting powders is quite important to realize the microfiltration.
